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ScienceDirectNitrogen-fixing symbioses between plants and bacteria are
restricted to a few plant lineages. The plant partner benefits
from these associations by gaining access to the pool of
atmospheric nitrogen. By contrast, other plant species,
including all cereals, rely only on the scarce nitrogen present in
the soil and what they can glean from associative bacteria.
Global cereal yields from conventional agriculture are
dependent on the application of massive levels of chemical
fertilisers. Engineering nitrogen-fixing symbioses into cereal
crops could in part mitigate the economic and ecological
impacts caused by the overuse of fertilisers and provide better
global parity in crop yields. Comparative phylogenetics and
phylogenomics are powerful tools to identify genetic and
genomic innovations behind key plant traits. In this review we
highlight recent discoveries made using such approaches and
we discuss how these approaches could be used to help direct
the engineering of nitrogen-fixing symbioses into cereals.
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Introduction
Nitrogen is a key element for plants and is a limiting
nutrient for plant growth. Although nitrogen is the com-
monest element in the atmosphere, few plants can access
this unreactive pool. Thus, current agricultural practices
rely on the application of large quantities of chemical
fertilisers that represent reactive forms of nitrogen capa-
ble of boosting crop productivity [1]. Legumes, such as
soybean and alfalfa, are among a limited number of plants
with the capability to utilise atmospheric nitrogen
through an association with beneficial nitrogen-fixing
bacteria, which are housed within root nodules. One§ This paper is part of a Virtual Special Issue based on the Current Opin
increased uncertainty’, chaired by David Edwards and Giles Oldroyd in 20
www.sciencedirect.com strategy to overcome the use of chemical fertilisers in
agriculture would be to engineer such nitrogen-fixing
symbioses into non-legume crops [2,3].
Engineering relies on the interconnection between three
main processes: discovery of candidate genes and path-
ways, building constructs and finally testing these con-
structs for their effects on the desired phenotype. Recent
advances in the field of DNA synthesis and the develop-
ment of high-throughput modular cloning strategies have
significantly reduced the economic and time constraints
of building large multi-gene constructs [4]. These assem-
bly strategies, reviewed by [4], can be categorised into
ligation-dependent methods such as the type IIS restric-
tion endonuclease-based GoldenGate cloning or overlap-
dependent methods such as Gibson Assembly [4]. With
the costs associated with synthesis predicted to go even
lower, it is now possible to envision introducing entire
genetic pathways into plants in order to obtain a desired
phenotype. In addition, next-generation sequencing
methods have facilitated the rapid monitoring of gene-
expression changes that might be central to the engineer-
ing efforts. As a result of the development of these
resources, the main challenges associated with engineer-
ing traits into plants have now become the transformation
of constructs into these plants and a comprehensive
knowledge of the exact traits and pathways to engineer.
Quantitative and comparative phylogenetic and phyloge-
nomic approaches have demonstrated the potential for
discovery in analyses focused on the evolution of traits
and associated genomic innovations [5,6,7]. Previous
reviews have highlighted how current knowledge of
nitrogen fixation can be utilised to initiate the engineer-
ing of nitrogen-fixing crops [2,3] and here we explore how
complementary approaches focusing on the evolution of
nitrogen fixation may further facilitate this process.
The multiple paths in the evolution of nitrogen
fixing symbioses
Nitrogen-fixing symbioses between plants and bacteria
evolved at least ten times in land plants (Figure 1). These
symbioses can be divided into two main classes: root
nodule symbioses (RNS) and plant–cyanobacteria symbi-
oses. While plant–cyanobacteria associations are widely
distributed across land plants [8] the root nodule symbio-
sis is much more restricted, occurring in several, but not
all, species belonging to four related orders of floweringion Conference ‘Agriculture and Climate Change — adapting crops to
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Evolution of nitrogen-fixing symbioses in plants. Nitrogen-fixing
symbioses evolved several times in land plants. Proposed origins of
nitrogen-fixing symbioses are indicated with green arrows. Green
branches indicate nitrogen-fixing clades. Purple branches indicate
predisposed clades. Black branches indicate species able to form
arbuscular mycorrhizal (AM) symbiosis and grey branches indicate
species clades that did not evolve or have lost this association. Red
arrows indicate loss of the predisposition to evolve nodulation or to
form AM symbiosis (Arabidopsis).
Table 1
Independent evolution of nitrogen-fixing symbioses recruited differen
Event Partners 
Plants Symbionts 
1 Blasia Cyanobacteria 
2 Anthoceros Cyanobacteria 
3 Azolla Cyanobacteria 
4 Cycas Cyanobacteria 
5 Gunnera Cyanobacteria 
6 Medicago/Lotus Rhizobia 
7 Chamaecrista Rhizobia 
8 Datisca Frankia 
9 Alnus Frankia 
10 Parasponia Rhizobia 
Current Opinion in Plant Biology 2015, 26:95–99 plants: the Fabales, Fagales, Cucurbitales and Rosales.
This restricted distribution of RNS [9], led to the sugges-
tion of a predisposition event, a prerequisite for evolving
nodulation, occurring before the divergence of this large
group of plants [9,10].
Both classes of nitrogen-fixing symbioses involved the
emergence of innovations in the plant partner from mac-
roscopic traits to biochemical modifications. These inno-
vations appeared independently in the various nitrogen-
fixing lineages but a consensus seems to emerge: the host
plant consistently releases signals to attract the sym-
bionts, encloses it in a newly developed structure, and
provides it with carbon and a proper environment to fix
nitrogen (Table 1). Evolution of such complex plant traits
has been shown to start with preliminary modifications
and progresses through various intermediary stages [11]
and an understanding of the modifications and interme-
diate stages during the evolution of nitrogen-fixing sym-
bioses could facilitate the engineering of nitrogen-fixing
crops.
Quantitative and comparative phylogenetic
approaches reveal the path of evolution
Recently, several studies have used comparative phylo-
genetic analyses to determine the evolutionary trajecto-
ries to the emergence of complex traits. Ogburn et al. used
such an approach to find a surprising correlation between
the evolution of succulence in plants and the architecture
of the leaf venation system and thus proposed that
evolution of three-dimensional venation is a predisposi-
tion allowing for the ability to reach maximum succulence
in leaves [7]. Using a similar approach, Christin
et al. identified the succession of anatomical modifications
required to evolve C4 photosynthesis from a C3 ancestor
in grasses [12]. These approaches used available pheno-t mechanisms
Innovations
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of a correlation between the sampled traits and the trait of
interest. An analogous strategy could be used to identify
phenotypic enablers linked to the appearance of nitrogen-
fixing symbioses. This would require a reliable determi-
nation of the symbiotic state in the extant species of the
nitrogen-fixing clades. Such an approach is particularly
necessary to determine the traits linked to the predispo-
sition event required for the RNS. Indeed, although the
nitrogen-fixing status of a species within the RNS clades
can be easily determined, the predisposition status cannot
be so easily tracked.
In order to better describe the evolution of RNS, Werner
et al. recently used a quantitative phylogenetic approach
on a database of 3500 species and coupled this with their
ability to nodulate [5]. In addition to statistically con-
firming the occurrence of a single predisposition event at
the base of this clade, this analysis allowed the authors to
predict the symbiotic states at each node of the species
tree [5]. This analysis predicted the likelihood for each
extant taxon included in the database to possess the
predisposition. Based on this classification, it is now
possible to examine multiple traits in such species and
test the correlation of the emergence of these traits with
the predisposition event and ultimately the appearance of
RNS.
Years of study using forward and reverse genetic techni-
ques in model legumes have revealed a core set of genes
required for RNS and at least some of these must be
associated with evolutionary traits leading to nodulation.
For instance, Soyano and Hayashi have proposed that
successive modifications of NIN, a transcription factor
critical for both the colonisation by rhizobia and the
proper formation of nodules in legume roots, may be
one of these innovations [13]. Many of the other candi-
date genes are components of the so-called common
symbiosis signalling pathway [3]. These genes are present
across all lineages of land plants where they are assumed
to participate in the recognition of symbiotic signals
produced by arbuscular mycorrhizal fungi [14]. The com-
mon symbiosis signalling pathway is also required for
nodulation in Fabales, Fagales and Rosales [15–18]. It
has thus been speculated that the recruitment of this
pathway for functions related to nodulation in these
clades could represent the innovation linked to the pre-
disposition event [19].
Comparative phylogenomic approaches
reveal key genomic innovations
Comparative phylogenetic methods were originally de-
veloped to identify genomic novelties within a species
tree [20]. However, these approaches can also be adapted
for other types of clustering. For instance, instead of
lineages, species sharing a specific trait could be com-
pared to other species missing that particular trait. Thiswww.sciencedirect.com strategy was recently used to identify genes required for
the arbuscular mycorrhizal symbiosis and this approach
identified 174 genes that were consistently, and specifi-
cally, lost in non-host species [6]. Additional analyses
have shown that at least some of these candidates do
indeed function in the arbuscular mycorrhizal symbiosis
[21]. Interestingly, an independent study addressing a
similar question using a different set of genomes and a
different phylogenomic pipeline generated a comparable
list of candidate genes [22]. A similar approach could be
employed in order to identify specific gene gains or losses
linked to the evolution of nitrogen-fixing symbioses. This
method would be particularly powerful in the case of
species with close relatives that are unable to associate
with nitrogen-fixing bacteria. For instance, a comparison
of the liverworts Blasia and Cavicularia to Lunularia and
Marchantia or of the fern Azolla to its close relative
Salvinia could be extremely informative as the former
species in both cases are able to associate with cyano-
bacteria while the latter are unable to do so (Figure 1).
The most exciting target for this type of analysis would be
the RNS clade where the ability to develop nodules is
suggested to have appeared independently in at least five
lineages [5]. A comprehensive assessment of all poten-
tial genomic innovations linked to symbiotic states would
be extremely informative.
The accurate identification of gain/loss patterns relies on
the accuracy of orthogroup identification. These
orthogroups can be determined using phylogeny-based
or BLAST-based prediction software. Ideally, a combi-
nation of different methods should be used to generate
high-confidence orthogroups. Beside the identification of
orthogroups, proving the loss of a gene may require
additional approaches such as synteny analysis. Indeed,
if the gene of interest belongs to a well conserved geno-
mic block among distantly related species, the absence of
this gene from the corresponding genomic block in a
species from the same clade is another evidence support-
ing its loss [6,23,24]. By contrast with sequence-based
comparison, synteny analyses require whole genome
sequences and will thus be restricted by the limited
number of sequenced species. Beyond synteny analysis,
availability of a comprehensive sequence collection re-
garding both species coverage and sequencing depth (i.e.
proportion of missing data) is the main limitation in
comparative phylogenomic approaches. Currently, avail-
able sequenced nodulating species belong to the same
subfamily (Papilionoideae) and thus cover only a single
event related to the appearance of nodulation [25]. Al-
though more nitrogen-fixing species are being sequenced
such as the fern Azolla [26] and Parasponia, of the order
Rosales (R Geurts, personal communication), these
efforts are not sufficient to allow for a significant coverage
of nitrogen-fixation. Recently, the 1000 plants project has
generated transcriptomes of more than a thousand plants
including dozens of nitrogen-fixing species (https://sites.Current Opinion in Plant Biology 2015, 26:95–99
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The interplay between comparative and quantitative phylogenetic
approaches to direct engineering. Quantitative phylogenetics allows
for the prediction of the symbiotic states of extant species using
binary data (for instance nitrogen-fixer: yes/no). These species can
then be compared phenotypically to identify traits associated with
symbiotic states by comparative phylogenetics. In parallel, the
genomes of these species can be analysed by comparative
phylogenomics to identify genes that correlate with a particular
symbiotic state. Using synthetic biology tools, the goal is then to
engineer the traits identified by comparative phylogenetics using the
genes arising from the comparative phylogenomics.google.com/a/ualberta.ca/onekp/). These transcriptomic
databases have already shed light on critical innovations
such as the evolution of a chimeric photoreceptor in ferns
[27]. Comparison of these transcriptome assemblies could
be a short-term alternative to identify patterns of gain and
loss related to the evolution of nodulation. However,
whole-genome sequencing of key species in the four
nitrogen-fixing orders is critical in order to obtain a
comprehensive overview of these innovations.
Going beyond patterns of losses and gains
Although gene gains and losses are known to promote
diversification they are not the only drivers. Changes in
the regulation of gene expression are often caused by
mutations of cis or trans elements in the promoters of
genes. Furthermore, subtle modifications can drive evo-
lution: Sayou et al. showed how minor changes in the
transcription factor LEAFY switched its DNA binding
specificity leading to dramatic changes during land
plant evolution [28]. Thus, in order to identify genomicCurrent Opinion in Plant Biology 2015, 26:95–99 innovations beyond gene gains and losses, improvements
are necessary to the available comparative phylogenomic
pipelines to detect modifications at the nucleotide and
amino acid levels. Besides comparative phylogenomics,
the use of quantitative transcriptomics in a phylogenetic
context would be extremely informative. Orthologs reg-
ulated in a similar manner in response to nitrogen-fixing
bacteria specifically in nodulating Fagales, Fabales,
Cucurbitales and Rosales could represent promising can-
didates to engineer. A targeted approach revealed for
instance that up-regulation of the critical transcription
factor NIN during nodulation is conserved in Fagales and
Fabales [29] thus reinforcing the relevance of such com-
parative approaches.
Concluding remarks
Developing nitrogen-fixing crops has been a long-stand-
ing aspiration. However, engineering this trait requires a
thorough understanding of the underlying phenotypic
and genomic innovations that led to its emergence. Re-
cently developed phylogenetic and phylogenomic tools
allow for a near-comprehensive identification of such
innovations. We propose that quantitative phylogenetics
associated with comparative phylogenomics and phylo-
genetics will generate relevant lists of traits and genomic
features associated with nitrogen-fixing symbioses
(Figure 2). The development of more sensitive pipelines
combining comparative genomics and quantitative tran-
scriptomics will increase the accuracy of these predic-
tions. Equipped with this knowledge and the emergence
of high-throughput synthetic biology tools, the develop-
ment of nitrogen-fixing crops is perhaps within reach.
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1. Gutie´rrez RA: Systems biology for enhanced plant nitrogen
nutrition. Science 2012, 336:1673-1675.
2. Oldroyd GE, Dixon R: Biotechnological solutions to the
nitrogen problem. Curr Opin Biotechnol 2014, 26:19-24.
3. Rogers C, Oldroyd GE: Synthetic biology approaches to
engineering the nitrogen symbiosis in cereals. J Exp Bot 2014,
65:1939-1946.
4. Patron NJ: DNA assembly for plant biology: techniques and
tools. Curr Opin Plant Biol 2014, 19:14-19.
5.

Werner GD, Cornwell WK, Sprent JI, Kattge J, Kiers ET: A single
evolutionary innovation drives the deep evolution of symbiotic
N2-fixation in angiosperms. Nat Commun 2014, 5:4087.
This study statistically confirmed the occurrence of a single predisposi-
tion event in the nodulating clade and predicted species that have lost or
still retain this predisposition.
6.

Delaux PM, Varala K, Edger PP, Coruzzi GM, Pires JC, Ane´ JM:
Comparative phylogenomics uncovers the impact of
symbiotic associations on host genome evolution. PLoS Genet
2014, 10:e1004487.
In this study, the authors demonstrated the consistent correlation
between loss of symbiotic genes and loss of the ability to form the
arbuscular mycorrhizal symbiosis. Using a comparative phylogenomicwww.sciencedirect.com
Engineering nitrogen-fixing symbioses Delaux, Radhakrishnan and Oldroyd 99approach, they identified genes following this evolutionary pattern and
represent genes potentially involved in symbiotic associations.
7. Ogburn RM, Edwards EJ: Repeated origin of three-dimensional
leaf venation releases constraints on the evolution of
succulence in plants. Curr Biol 2013, 23:722-726.
8. Adams D: In Symbiotic Interactions. Edited by Potts WB.
Dordrecht: Kluwer Academic Publishers; 2000.
9. Soltis DE, Soltis PS, Morgan DR, Swensen SM, Mullin BC,
Dowd JM, Martin PG: Chloroplast gene sequence data suggest
a single origin of the predisposition for symbiotic nitrogen
fixation in angiosperms. Proc Natl Acad Sci USA 1995,
92:2647-2651.
10. Markmann K, Parniske M: Evolution of root endosymbiosis
with bacteria: how novel are nodules? Trends Plant Sci 2009,
14:77-86.
11. Christin PA, Arakaki M, Osborne CP, Edwards EJ: Genetic
enablers underlying the clustered evolutionary origins of C4
photosynthesis in angiosperms. Mol Biol Evol 2015, 32:846-858.
12. Christin PA, Osborne CP, Chatelet DS, Columbus JT, Besnard G,
Hodkinson TR, Garrison LM, Vorontsova MS, Edwards EJ:
Anatomical enablers and the evolution of C4 photosynthesis in
grasses. Proc Natl Acad Sci USA 2013, 110:1381-1386.
13.

Soyano T, Hayashi M: Transcriptional networks leading to
symbiotic nodule organogenesis. Curr Opin Plant Biol 2014,
20:146-154.
In this review, the authors combine data obtained on the transcription
factor NIN and propose sequential modifications of its regulation that may
be linked to the predisposition event of nodulation.
14. Delaux PM, Se´jalon-Delmas N, Be´card G, Ane´ JM: Evolution of
the plant–microbe symbiotic ‘toolkit’. Trends Plant Sci 2013,
18:298-304.
15. Markmann K, Giczey G, Parniske M: Functional adaptation of a
plant receptor-kinase paved the way for the evolution of
intracellular root symbioses with bacteria. PLoS Biol 2008,
6:e68.
16. Gherbi H, Markmann K, Svistoonoff S, Estevan J, Autran D,
Giczey G, Auguy F, Pe´ret B, Laplaze L, Franche C et al.: SymRK
defines a common genetic basis for plant root endosymbioses
with arbuscular mycorrhiza fungi, rhizobia, and
Frankiabacteria. Proc Natl Acad Sci USA 2008, 105:4928-4932.
17. Op den Camp R, Streng A, De Mita S, Cao Q, Polone E, Liu W,
Ammiraju JS, Kudrna D, Wing R, Untergasser A et al.: LysM-type
mycorrhizal receptor recruited for rhizobium symbiosis in
nonlegume Parasponia. Science 2011, 331:909-912.
18. Svistoonoff S, Benabdoun FM, Nambiar-Veetil M, Imanishi L,
Vaissayre V, Cesari S, Diagne N, Hocher V, de Billy F, Bonneau J
et al.: The independent acquisition of plant root nitrogen-fixingwww.sciencedirect.com symbiosis in Fabids recruited the same genetic pathway for
nodule organogenesis. PLOS ONE 2013, 8:e64515.
19. Kistner C, Parniske M: Evolution of signal transduction in
intracellular symbiosis. Trends Plant Sci 2002, 7:511-518.
20. Lee E, Cibrian-Jaramillo A, Kolokotronis S, Katari M, Stamatakis A,
Ott M, Chiu J, Little D, Stevenson D, McCombie W et al.: A
functional phylogenomic view of the seeds plants. PLoS Genet
2011, 7:e1002411.
21. Xue L, Cui H, Buer B, Vijayakumar V, Delaux PM, Junkermann S,
Bucher M: Network of GRAS transcription factors involved in
the control of arbuscule development in Lotus japonicus. Plant
Physiol 2015, 167:854-871.
22.

Favre P, Bapaume L, Bossolini E, Delorenzi M, Falquet L,
Reinhardt D: A novel bioinformatics pipeline to discover genes
related to arbuscular mycorrhizal symbiosis based on their
evolutionary conservation pattern among higher plants. BMC
Plant Biol 2014, 14:333.
The authors used comparative phylogenomics to identify genes speci-
fically lost or highly divergent in Brassicacea. Genes following this pattern
may be involved in symbiotic associations.
23. Xue L, Cui H, Buer B, Vijayakumar V, Delaux PM, Junkermann S,
Bucher M: Network of GRAS transcription factors involved in
the control of arbuscule development in Lotus japonicus. Plant
Physiol 2015, 167:854-871.
24. Hofberger JA, Lyons E, Edger PP, Chris Pires J, Eric Schranz M:
Whole genome and tandem duplicate retention facilitated
glucosinolate pathway diversification in the mustard family.
Genome Biol Evol 2013, 5:2155-2173.
25. Cannon SB: The model legume genomes. Methods Mol Biol
2013, 1069:1-14.
26. Sessa EB, Banks JA, Barker MS, Der JP, Duffy AM, Graham SW,
Hasebe M, Langdale J, Li FW, Marchant DB et al.: Between two
fern genomes. Gigascience 2014, 3:15.
27. Li FW, Villarreal JC, Kelly S, Rothfels CJ, Melkonian M,
Frangedakis E, Ruhsam M, Sigel EM, Der JP, Pittermann J et al.:
Horizontal transfer of an adaptive chimeric photoreceptor
from bryophytes to ferns. Proc Natl Acad Sci USA 2014,
111:6672-6677.
28. Sayou C, Monniaux M, Nanao MH, Moyroud E, Brockington SF,
The´venon E, Chahtane H, Warthmann N, Melkonian M, Zhang Y
et al.: A promiscuous intermediate underlies the evolution of
LEAFY DNA binding specificity. Science 2014, 343:645-648.
29. Hocher V, Alloisio N, Auguy F, Fournier P, Doumas P, Pujic P,
Gherbi H, Queiroux C, Da Silva C, Wincker P et al.:
Transcriptomics of actinorhizal symbioses reveals homologs
of the whole common symbiotic signaling cascade. Plant
Physiol 2011, 156:700-711.Current Opinion in Plant Biology 2015, 26:95–99
